Atopic dermatitis (AD) often precedes asthma and food allergy, indicating that epicutaneous sensitization to allergens may be important in the induction of allergic responses at other barrier surfaces. Thymic stromal lymphopoietin (TSLP) and interleukin (IL)-33 are two cytokines that may drive type 2 responses in the skin; both are potential targets in the treatment of allergic diseases. We tested the functional role of IL-33 and the interplay between IL-33 and TSLP in mouse models of atopic march and gastrointestinal (GI) allergy. IL-33-driven allergic disease occurred in a TSLP-independent manner. In contrast, mice lacking IL-33 signaling were protected from onset of allergic diarrhea in TSLP-driven disease. Epithelialderived IL-33 was important in this model, as specific loss of IL-33 expression in the epithelium attenuated cutaneous inflammation. Notably, the development of diarrhea following sensitization with TLSP plus antigen was ameliorated even when IL-33 was blocked after sensitization. Thus, IL-33 has an important role during early cutaneous inflammation and during challenge. These data reveal critical roles for IL-33 in the ''atopic march'' that leads from AD to GI allergy.
The prevalence of food allergy among children in Western countries ranges around 6% to 8%. 1 There is no cure or preventative treatment for food allergy, and available medications only treat symptoms after allergic reactions occur. 2 Moreover, food allergy is a leading cause of anaphylaxis and imposes substantial psychosocial impact in children, adolescents, and their families. 3 Recent studies suggest that the skin may be an important site for systemic sensitization to allergens, leading to the development of allergic inflammatory responses at other sites, a phenomenon referred to as the ''atopic march''. 4, 5 Atopic dermatitis (AD) is often the first manifestation of the atopic march, and clinical and epidemiological studies in children have established clear positive correlations between AD and the risk of developing food allergy. 4, [6] [7] [8] In addition, there is an association between skin barrier defects and development of food allergic responses, possibly due to an increased chance of sensitization by allergens permeating the skin, bypassing oral tolerance. 6, 9 Epidemiologic data suggest that sensitization to peanut protein can occur in children through exposure to peanut in oils applied to inflamed skin, whereas early peanut consumption is protective against allergy development and induces tolerance. 10 Furthermore, mutations within the AD susceptibility genes filaggrin (Flg) and SPINK5 are also associated with an increased risk of peanut allergy. [11] [12] [13] [14] [15] [16] [17] In animal models, epicutaneous allergen exposure induces allergic responses in the gastrointestinal (GI) tract after challenge with the same antigen. [18] [19] [20] [21] [22] [23] These observations led to the hypothesis that altered barrier function in AD skin might facilitate cutaneous sensitization to food antigens, bypassing oral tolerance and leading to the development of food allergies.
Recently, interleukin (IL)-33, an IL-1 family cytokine, has emerged as an important initiator of allergic inflammation. [24] [25] [26] ST2, the IL-33 receptor, is upregulated in the lesional skin of patients with AD. 27, 28 IL-33 has been detected at elevated levels by immunohistochemistry in eosinophilic esophagitis biopsies compared with normal esophageal tissue. 29 In addition to driving Th2-type inflammation, IL-33 may also affect barrier function within the skin by downregulating filaggrin in keratinocytes. 30 In genetic studies, single-nucleotide polymorphisms in the distal promoter of the ST2 gene locus (IL1RL1) have been associated with AD. 31 Mouse models have extended our understanding of the requirements for IL-33 signaling in allergic diseases, showing that local delivery of IL-33 is sufficient to drive inflammation in the skin. 32 Recombinant IL-33 application intranasally in mice produces changes consistent with phenotypically early eosinophilic esophagitis, 33 supporting a role for IL-33 in driving eosinophilia in eosinophilic esophagitis. These studies have led us to posit that excess IL-33 activity in the skin could have a central role in the subsequent development of GI allergy.
We previously demonstrated that skin sensitization with thymic stromal lymphopoietin (TSLP) þ ovalbumin (OVA) could drive GI allergy in an atopic march model. 21 The current studies further explore the pathways involved in driving disease in this model and demonstrate a requirement for IL-33 both at early and late stages of disease development. Even after sensitization, therapeutic blockade of IL-33 could ameliorate disease in this model. We also show that IL-33 alone can drive the atopic march and GI allergy in a TSLP-independent manner. This study identifies IL-33 as a crucial factor that may be common to multiple Th2-initiating events in the atopic march. These data provide additional insights into the interplay between TSLP and IL-33 that suggest novel approaches to the prevention of the atopic march and to the site-specific treatment of food allergies.
RESULTS

IL-33 receptor ST2 is required in TSLP-initiated GI allergy
We have previously demonstrated that mice sensitized intradermally with TSLP and antigen develop acute diarrhea following exposure of these mice to repeated oral doses of the same antigen. 21 To further explore the interplay between epithelial cell-derived TLSP and IL-33, we tested whether IL-33 signaling was required in TSLP-driven atopic march using mice genetically deficient in the IL-33 receptor (Il1rl1 knockout (KO)) ( Figure 1a) . Wild-type (WT) mice sensitized with intradermal TSLP developed acute diarrheal symptoms beginning at the fourth intragastric OVA challenge and 100% of mice were symptomatic by the sixth feed (Figure 1b-d) . Diarrhea was also apparent through direct observation of the colon and cecum. The liquid stool observed following TSLP þ OVA-induced diarrhea contrasts with the solid pellets seen in control mice. In contrast to WT mice, Il1rl1-deficient mice displayed a lack of acute diarrhea (Figure 1b-d) and reduced Th2 responses (Figure 1e ,f) compared with Il1rl1-expressing controls, demonstrating that ST2 is required in the pathogenesis of TSLP-mediated food allergy.
To expand our findings to other models of GI allergy, we next examined whether IL-33 was also required in the wellestablished OVA-alum model, 34 in which mice were sensitized with OVA plus alum, followed by oral challenge with OVA for 7 consecutive days. Compared with WT mice, which developed the canonical features of allergic diarrheal disease after the fourth challenge, Il1rl1-deficient mice showed significantly reduced disease onset and severity, decreased Th2 cytokine production, and lower levels of OVA-specific IgE ( Figure  2a-d) . These data indicate a more general role for IL-33-ST2 signaling in the development of GI manifestations of food allergy, even in the absence of priming with TSLP.
ST2 is required for TSLP-driven cutaneous inflammation
To determine whether IL-33 signaling was required early during skin sensitization and/or during oral challenge in the atopic march, we compared the skin responses of WT and Il1rl1-deficient mice after intradermal sensitization with TSLP þ OVA (Figure 3a) . Upon TSLP þ OVA sensitization, control mice displayed increased cellularity in the inguinal lymph nodes, as well as elevated serum OVA-specific IgE. In contrast, inguinal lymph node cellularity, Th2 responses, and OVA-specific IgE levels in Il1rl1-deficient mice resembled that of mouse serum albumin þ OVA-treated control animals ( Figure 3b-e) . Thus, IL-33 is required to promote TSLP-driven antigen-specific type 2 responses in the context of an AD-like skin inflammation.
Given that TSLP-mediated cutaneous inflammation requires both IL-33 production and the direct signaling of TSLP on DCs, 21 we next used Cd11c-Cre þ Il33 f/f mice (Supplementary Figure S1 online) to determine whether DCs were an important source of IL-33 in this model. Upon TSLP þ OVA sensitization, Cd11c-Cre þ Il33 f/f and WT mice displayed indistinguishable levels of skin inflammation, as judged by elevated cellularity in skin draining lymph lodes, OVA-specific IgE levels, and Th2 cytokine production (Supplementary Figure S2) . Thus, although there are requirements for both IL-33 and cell-intrinsic TSLP signaling in DCs following intradermal sensitization with TSLP þ OVA, DCs are not an important source of IL-33 in the context of TSLP-driven AD-like skin inflammation.
In order to evaluate contributions of other cell populations to skin disease, we selectively deleted IL-33 in the skin epidermal keratinocytes of adult mice by Tamoxifen treatment of K14-Cre-ER T2 Il-33 f/f mice (Supplementary Figure S3) . Epidermis-specific deletion of IL-33 resulted in a dramatic attenuation of cellularity in skin draining lymph nodes, OVAspecific IgE levels, and Th2 cytokine production ( Figure 4) . Therefore, epidermal keratinocytes were an essential source of IL-33 in the development of this AD-like skin disease. 
Neutralization of ST2 ameliorates GI allergy
The data presented above demonstrate a requirement for IL-33 following skin sensitization with TSLP-OVA. Our previous work has shown that TSLP-driven GI allergic disease is dependent on IL-25, but that TSLP is not required in this model after skin sensitization. 21 We next tested whether IL-33 could be therapeutically targeted to prevent allergic inflammation within the gut following skin sensitization. Mice were sensitized intradermally with TSLP þ OVA and then IL-33-ST2 signaling was blocked before and during repeated antigen challenge using an ST2-specific antibody (a-ST2 mAb). Although all mice treated with a control antibody exhibited GI allergy after oral challenge, mice treated with ST2-specific neutralizing mAb showed decreased diarrhea development (Figure 5a-c) . Flow cytometry also revealed reduced Th2 responses in anti-ST2 mAb-treated animals ( Figure 5d ). ST2 blockade, even after skin sensitization, ameliorated GI disease in this model. Taken together, these data suggest that the atopic march driven by TSLP is dependent on IL-33 signaling in both the skin and the gut.
IL-33 is sufficient to promote antigen-induced GI allergy
To investigate whether IL-33 alone is sufficient to promote antigen-induced GI allergy, we sensitized mice with intradermal recombinant IL-33 and OVA, followed by intragastric OVA challenge for 6 consecutive days (Figure 6a) . Compared with mice treated only with phosphate-buffered saline, mice sensitized with intra dermal IL-33 developed acute diarrheal symptoms beginning at the fourth administration of OVA, and 100% of mice were symptomatic by the fifth feed (Figure 6b-d) . IL-33 þ OVA-treated mice also developed other canonical features of GI allergy, such as increases in the frequency of eosinophils in peripheral blood (data not shown) and increases in serum OVA-specific IgE levels (Figure 6e) . Consistent with the induction of Th2-type inflammation by IL-33 treatment, type-2 cytokine responses were markedly elevated in IL-33 þ OVA-treated mice (Figure 6f) . We also observed a 60-fold increase in mast cell-specific protease mouse MCPT-1 serum levels in mice sensitized with IL-33 þ OVA versus phosphatebuffered saline þ OVA, consistent with increased numbers and/or activation of mast cells (Figure 6g ). Histopathological analysis of jejunum section showed that IL-33 þ OVA-treated mice had a severe infiltration of eosinophils (Supplementary Figure S4) . IL-33 protein in the serum was undetectable (o15.6 pg ml ; data not shown), suggesting that circulating IL-33 is not required for the development of allergic diarrhea upon re-challenge in this model. Thus, IL-33 treatment within the skin is sufficient to promote GI allergy.
Challenge with OVA following skin administration of IL-33 þ OVA elicited a robust pattern of physiologic symptoms (Figure 7a) . This response was associated with a significant decrease in body temperature that was not seen in control mice (Figure 7b) . We next examined vascular permeability by injecting mice with Evans blue dye before the final intragastric challenge and monitoring serum leakage in the intestines. Mice sensitized with IL-33 displayed vascular leakage as demonstrated by increased Evans blue dye in the GI tract (Figure 7c,d ). These findings demonstrate that anaphylaxis occurs in response to oral OVA challenge after IL-33-driven skin sensitization.
IL-33 drives GI allergy in a TSLP-independent manner
To examine whether IL-33-driven disease was dependent on TSLP, we next treated TSLP receptor-deficient mice (Tslpr KO) with intra dermal OVA þ IL-33, then challenged these mice with OVA by oral gavage. Tslpr KO mice responded to intra gastric OVA challenge as robustly as Tslpr-sufficient mice (Figure 8a-c) , showing that IL-33 does not require TSLP signaling in this model. Although Tslpr-deficient mice displayed increased interferon-g production compared to controls, disease severity and Th2 responses were comparable between Tslpr-deficient and Tslpr-sufficient mice (Figure 8d-f) . These data suggest that IL-33 functions independently or downstream of TSLP. 
DISCUSSION
AD often precedes the development of other atopic diseases such as asthma, allergic rhinitis, and food allergy, a phenomenon known as the ''atopic march''. 4 Skin barrier defects are thought to be important in both the initial local events that cause AD and the systemic sensitization to allergens that leads to atopic diseases at other anatomic sites. Thus, the early immunological events and factors involved in skin sensitization to allergens may be an important focal point in understanding the development of not only AD but also other atopic diseases. However, the immunological mechanisms through which antigen sensitization in the skin can predispose to allergic inflammation in the intestines and airways are incompletely understood. TSLP, IL-33, and IL-25 are three epithelial-derived cytokines that individually have been shown to have a profound influence on the development of allergic responses at barrier surfaces, although their overlapping target cell populations and inducing stimuli suggest an interplay among these cytokines to initiate, amplify, and sustain the allergic response. These three cytokines license Th2 cells in a T-cell intrinsic manner. 35 Our data support the hypothesis that antigen sensitization through a disrupted skin barrier is a risk factor for the development of food allergy on oral challenge.
We have previously shown that intradermal sensitization with OVA þ TSLP drives allergic inflammation within the GI tract. In this model, cutaneous sensitization elicited type 2 responses in the draining lymph nodes but not in the mesenteric lymph nodes, suggesting that systemic allergic inflammation does not occur (Supplementary Figure S5) . TSLP was not required during challenge, as TSLP-deficient mice still developed disease. Loss of IL-25 signaling protected mice from diarrheal disease, demonstrating a requirement for IL-25 in TSLP-mediated GI allergy. 21 We have now further characterized the cytokine pathways that function downstream of TSLP and demonstrate that IL-33 is required both for local skin inflammation following sensitization with OVA þ TSLP and for diarrheal disease after oral OVA challenge in this model. Consistent with our data on the role of IL-33 in GI allergy, Judd et al. 33 have found elevated levels of IL-33 protein in pediatric eosinophilic esophagitis. During preparation of this manuscript, Galand et al. 36 reported that IL-33 promotes IgE-mediated mast cell degranulation and food anaphylaxis. The described models provide new research tools to test new hypotheses and potential treatments in the context of food allergy.
We demonstrate that keratinocyte-derived IL-33 is crucial for promoting the allergic response during skin sensitization, as targeted deletion of IL-33 in epidermal keratinocytes, but not DCs, attenuated skin inflammation. These results raise the possibility that TSLP might directly induce IL-33 expression from keratinocytes; however, we have found that IL-33 is highly expressed constitutively within the keratinocyte layer, based on examination of reporter mice for IL-33 (Supplementary Figure S6) . Additional studies will be required to determine whether IL-33 levels remain stable during inflammation, are induced by TSLP or other TSLP-induced cytokines, or are increased through IL-33 release by cells after tissue damage. Regardless of whether IL-33 levels are directly induced by TSLP, IL-33 likely has a critical role in initiating a feed-forward loop to amplify type 2 responses. This amplification may occur, in part, because TSLP induces the accumulation of many inflammatory cells that express the IL-33 receptor and respond to IL-33. Mucosal mast cells secrete prodigious amounts of IL-9 and IL-13 in response to IL-33, which contributes to IgE antibody production. 37 IL-33 has also been shown to directly stimulate eosinophil differentiation and amplify IgE synthesis. 38, 39 Identification of the specific cellular responses that depend on IL-33 in TSLP-driven disease will be important in our understanding of the propagation of allergic inflammation in the atopic march. It is notable that whereas TSLP-mediated disease required IL-33 early in the cutaneous inflammatory response as well as during oral challenge, TSLP is dispensable in an atopic march model driven by IL-33. Similar to TSLP, intradermal treatment with IL-33 þ OVA drives local inflammation in the skin and results in systemic antigen sensitization and development of GI diarrheal disease after intragastric OVA challenge. Yet, IL-33-mediated disease severity and induction of type 2 cytokines were unchanged in the absence of TSLP signaling. Tslpr KO mice did demonstrate increased interferon-g production, suggesting a role for TSLP in downregulating Th1 responses in this model. Consistent with this, interferon-g blockade can restore Th2-type immunity in Trichuris muris infection of Tslpr KO mice. 40 Our work and others clearly reveal that IL-33, IL-25, and TSLP are differentially required to promote the atopic march. [18] [19] [20] [21] [22] [23] The distinct requirements for TSLP, IL-33, and IL-25 during sensitization and challenge provide a mechanistic basis for the growing clinical recognition of the heterogeneity of allergic diseases at different mucosal sites. Elucidating how these epithelial cell-derived cytokines regulate their target cell populations at different sites and stages of disease will further our understanding of the natural history of atopic diseases and the ways that blockade of specific cytokines may differentially influence disease development and progression. Our study demonstrates important roles for IL-33 signaling in both the early and late stages of the atopic march. The ability to ameliorate disease after sensitization in an atopic march and food allergy model suggests that IL-33 may be an important target in both the prevention and treatment of food allergies.
MATERIALS AND METHODS
Mice and treatments. Six-to 8-week-old female BALB/c mice were obtained from Charles River Laboratories (San Diego, CA). Il1rl1-deficient mice were provided by Dr. Andrew McKenzie (Medical Research Council Laboratory of Molecular Biology, Cambridge, UK). Details of the procedure and analysis of the resulting phenotype of conditional Il33-deficient mice (also used as IL-33 reporter) will be described elsewhere (Johnston LK and Bryce PJ, manuscript in preparation). All mice were certified to be specific pathogen free and cared for in accordance with the guidelines of the Institutional Animal Care and Use Committee at Benaroya Research Institute (Seattle, WA). Intradermal injections were performed as previously described. 20, 21 Briefly, 5 mg TSLP (Amgen, Thousand Oaks, CA) or 2.5 mg IL-33 (R&D Systems, Minneapolis, MN, and BioLegend, San Diego, CA), or mouse serum albumin (Sigma-Aldrich, St. Louis, MO) with 2.5 mg OVA (A7642; Sigma-Aldrich) were injected intradermally in a 100 ml volume of sterile phosphate-buffered saline every 3 days for a total of four times. Intragastric challenges with 50 mg of OVA (grade V, A5503; Sigma-Aldrich) were performed as described previously. 34 OVA plus alum model was performed as previously described. 34 Mice demonstrating profuse liquid stool were recorded as diarrhea-positive animals. A detailed clinical score was assessed up to 1 h after final oral feeding (0: normal; 1: soft; 2: running; 3: liquid; 4: bloody). Symptom scoring was performed after 4th challenge as described before. 21, 41 For blockade with ST2-specific mAb, mice were injected with 500 mg of control mouse IgG1 or muST2-specific muIgG1 mAb (Amgen) intraperitoneally on days 15 and 19. K14-Cre-ER T2 mice were purchased from Jackson Laboratories (Sacramento, CA). Six-to 8-week-old K14-Cre þ Il33 f/f mice and littermates were injected intraperitoneally with Tamoxifen (Sigma-Aldrich, 0.3 mg in 100 ml corn oil, for 5 consecutive days) and subjected to experiments two weeks after Tamoxifen injection.
Vascular permeability measurements. Vascular permeability was evaluated by measuring the leakage of Evans blue dye into the intestine as described before. 21, 42 Measurement of body temperature. The changes in body temperature of mice were measured using a Dual Laser IR Thermometer (42509, Extech, Waltham, MA), at 0, 15, 30, 45, and 60 min after 5th OVA challenge as described before. 21 Cell culture. Mesenteric lymph node and inguinal lymph node cells were isolated and cultured in RPMI medium with 10% fetal calf serum, penicillin, and streptomycin, with 100 mg ml À 1 OVA for 48 h. Cells were then stimulated with phorbol 12-myristate 13-acetate (PMA) and ionomycin in the presence of brefeldin A for 4-5 h. The cells were stained and analyzed for cytokine production by flow cytometry. Further analyses were performed using FlowJo software (Tree Star, Ashland, OR).
Enzyme-linked immunosorbent assay. Mouse MCPT-1 levels were measured by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instruction (eBioscience, San Diego, CA). Detection of OVA-specific IgE has been described before. 43, 44 For Cd11c
Cre Il33 f/f mice experiment, mesenteric lymph node cells were isolated and cultured in RPMI medium with 10% fetal calf serum, penicillin, and streptomycin, with 50 ml Dynabeads Mouse T-Activator CD3/CD28 (Gibco, Gaithersburg, MD) or 100 mg ml À 1 OVA for 48 h. Concentrations of IL-5 (BioLegend) and IL-13 (eBioscience) in the culture supernatants were determined by sandwich ELISA following the manufacturer's protocol.
Histology. Ears were incubated in 1% paraformaldehyde (PFA) solution followed by 30% sucrose before being frozen in embedding medium containing 7.5% gelatin and 15% sucrose in phosphate-buffered saline. Frozen tissues were sectioned and stained with 4',6-diamidino-2-phenylindole. Green fluorescent protein indicates IL-33 protein expression.
Tissue lysate ELISA. Ear tissue was excised and placed in T-PER tissue protein extraction reagent (Thermo Fisher Scientific, Waltham, MA). Tissue was homogenized and protein was quantified using a Nanodrop spectrophotometer at 280 nm. One hundred micrograms of total protein per sample was analyzed using the R&D Systems murine IL-33 ELISA kit following the manufacturer's protocol.
Statistics. Statistical analyses were performed with Prism software (GraphPad, La Jolla, CA). Two means were compared using a nonparametric two-tailed Mann-Whitney test. Three or more means were compared using one-way analysis of variance with a Tukey's posthoc test with significance between groups represented as *Pr0.05, **Pr0.01, and ***Pr0.001.
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